Motivated by adhesive proteins in mussels, strategies using dopamine to modified surface have become particularly attractive. In the present work, we developed a novel and convenient method to modify the biodegradable Fe plates with heparin. Iron was first treated by a facile one-step pH-induced polymerization of dopamine, and then a high density heparin was successfully grafted onto the surface via coupling with polydopamine (PDA) active layer. Heparin immobilization contributed much longer blood clotting coagulation time than the pure Fe sample, and hence reduced the risk of thrombosis. Cell viability tests suggested that the heparin modified Fe plates were more favorable to the proliferation of ECV304 cells. In summary, the heparin modified Fe plates with good anti-thrombus properties and inhibiting the proliferation of VSMC cells provide great prospects for biodegradable iron.
Introduction
Stent implantation has been widely used in the treatment of coronary and peripheral artery disease [1] . Initially, bare stents were used in the percutaneous coronary interventions (PCI). However, the bare stents are associated with unacceptably high rates of stent thrombosis and vascular restenosis [2] . As a consequence, the drug eluting stents were developed. Heparin, a highly sulfated glycosaminoglycan, is widely used as an injectable anticoagulant [3, 4] . Furthermore, it was reported that heparin could be immobilized on the 316L stainless and titanium by the LBL method, and the anticoagulant activity of heparin could be remained [5] [6] [7] . In addition, it had been confirmed that heparin could inhibit the proliferation of vascular smooth muscle cells (VSMCs) [8] . In the research by Lee [9] , heparin was covalently bonded to stainless steel, and an effective inhabitation of VSMCs adhesion and improvement of blood compatibility were achieved. However, the immobilization methods mentioned above are toxic solvent containing, time consuming and relatively complicating with low grafted dense heparin. In this context, developing a facile method to covalent immobilize high density heparin is urgent and of great importance.
Currently, inspired by mussel adhesive protein, Lee [10] developed a simple but versatile approach to construct a polydopamine (PDA) layer to load inorganic and organic materials. Simply, in alkaline aqueous media, dopamine can undergo self-polymerization and produce strong adhesion PDA ad-layer on various materials including metal, polymer, and ceramic [11] [12] [13] . Moreover, this thin layer of PDA can not only promote cell adhesion and growth on several cell-resistant substrates [14] , but also functionalize materials via Schiff-base reactions or Michael type reactions [15] . For example, immobilization of vascular endothelial growth factor (VEGF), antibacterial agents (quaternary ammonium salt, antimicrobial peptide, silver nana particles) [16, 17] , and cell-adhesive peptide RGD [18] on various biomaterials to improve their biocompatibility and antibacterial property have been reported. Thereof, surface modification by polydopamine has been rapidly emerged as an alternative because it can functionalize virtually any material surfaces by one-step immersion of substrates in a toxic free solution.
As one of the promising biodegradable stent material [19] , many research have been made on iron due to its appropriate mechanical properties [20] , comparable hemocompatibility and biocompatibility to 316L stainless steel (316L SS) [21] [22] [23] [24] . However, as the hemocompatibility and biocompatibility of the bare metal stents are not good enough, which may cause stent thrombosis and have a high restenosis rate [25] . In this context, it is critical to develop a highly effective surface modification technique to improve the blood compatibility and biocompatibility of the bioabsorbable iron. Besides, to the best of our knowledge, there are no reports on immobilizition heparin via dopamine to modify the biodegradable iron surface.
Herein, we first reported a general and simple strategy to immobilize heparin to the biodegradable iron surface using dopamine as the strong adhesive and the secondary additional layer linker. The modification route was shown in Fig. 1 . The PDA film was formed on the bioabsorbable pure iron only by a simple immersion of the iron plates into a tris buffer solution of dopamine. Then the heparin was covalently bonded to the PDA by Michael reaction and Amidation reaction in the formamide solution. To accelerate the amidation reaction, N-(3-Dimethylaminopropyl)-N 0 -ethylcarbodiimide hydrochloride (EDC) was used as a catalyst. As the iron would react with 2-(N-morpholino) ethanesulfonic acid (MES) solution, formamide was applied to solve heparin instead of MES solution. Finally, the surface characteristics, hydrophilicity, antithrombogenicity and the effects on vascular cells proliferation of the films were investigated.
Materials and methods

Materials
Fe (10 mm Â 10 mm Â 1 mm, 99.9%) plates were used as the substrate. 3, 4-Dihydroxyphenethylamine hydrochloride (dopamine), tris (hydroxymethyl) aminomethane (Tris) and heparin sodium (MW 6000-20,000) were purchased from Sigma-Aldrich. All other chemicals were A.R grade agents and purchased from Sinopharm chemical reagent Co., Ltd. Venous blood was obtained from a healthy donor (man, 23 years old), collected using vacuum tubes containing citrate dextrose anticoagulant at Beijing FDA Bureau.
Heparin-modified pure Fe via dopamine
The Fe specimens were mechanically polished up to 2000 grit and cleaned ultrasonically with acetone and ethanol for 5 min each. The specimens were then rinsed thoroughly with deionized water and nitrogen-dried. The samples used for atomic force microscopy (AFM) test were polished up to 2000 grit and polished before surface modification. Dopamine was dissolved in Tris-HCl buffer solution (10.0 mM, pH 8.5) to obtain a dopamine solution with a concentration of 2.0 g L À 1 . The cleaned Fe plates were immersed in freshly prepared dopamine solution, and gently shaken on a rocking device for 24 h at room temperature. Following the reaction, the substrates were vigorously washed with deionized water three times to remove the unreacted dopamine. Then the PDA coated plates (Fe/PDA) were immersed into 0.5, 1 and 2 g L heparin solution (Fe/PDA-0.5 hep, Fe/PDA-1.0 hep and Fe/PDA-2.0 hep) at 4 1C for 24 h. After that, the specimens were taken out, rinsed with deionized water several times to remove unbounded heparin and solvent.
Characterizations of heparin-modified iron surface
The surface morphology and the roughness of the specimens were characterized by an atomic force microscope (AFM, SPA400). All images were obtained by the contact mode. The root mean square (RMS) and the average surface roughness (Ra) were used to evaluate the surface roughness with the scanning area of 5.0 μm Â 5.0 μm and all experiments were carried out five times.
The attenuated total reflectance Fourier transform infrared spectra (ATR-FTIR) microspectroscopy (Nicolet 750, USA) and X-ray photoelectron spectroscopy (XPS; AXIS Ultra, Kratos Analytical Ltd.) were employed to identify the surface composition of the film. Raman measurement was performed at 633 nm by using a Raman Imaging Microscope System (Renishaw 1000) in a backscattering geometry.
The hydrophilic properties of the various groups were investigated using the static water contact angles. Static water contact angles were measured at 25 1C, using the sessile drop method (Dataphysics Instrument, Germany). The average of three measurements was taken. 
Heparin density on the modified Fe surface
The quantity of heparin bound to the Fe surface was assayed by the toluidine blue (TB) colorimetric method [26, 27] . Firstly, a calibration curve with heparin concentrations varying from 0 to 25 μg mL À 1 was made according to TB colorimetric method. Accordingly, the samples were immersed in deionized water (1.0 mL) and TB solution (1.0 mL) was added. After incubating for 30 min, n-hexane (1.0 mL) was added and the mixture was shaken well to ensure uniformity in treatment. After removing the Fe plates from the solution, the absorbance of aqueous layer at 631 nm was measured by UV-vis spectrophotometry. The quantity of immobilized heparin was calculated from the above constructed calibration curve. Each value was an average of five independent measurements.
In vitro coagulation time measurement
The measurements, including prothrombin time (PT) and activated partial thromboplastin time (APTT) were performed with the coagulation instrument SYSMEX CA1500 (SYS-MEX, JP) which measured the change of luminosity when light traversed the plasma sample. Briefly, the tested film was incubated with healthy human blood plasma in a transparent plastic tube for 30 min, and the transparent plastic was centrifuged under 2000g. Then the supernatant was collected, and the reagents for each coagulation time test were added to the tube immediately. After the reaction was complete, the absorbance was measured and the coagulation time was calculated.
Adhesion behavior of ECV304 and VSMC cells to the heparin modified surface
Morphology of the surfaces was analyzed by direct contact with the samples. The samples were disinfected by ultraviolet radiation and placed into the wells of 12-well culture plates in contact with 1 mL of ECV304 or VSMC (5 Â 10 4 cells/mL). After incubating in Dulbecco's modified Eagle's medium (DMEM, high glucose, Gibco supplemented with 10% fetal bovine serum, 100 U mL À 1 penicillin and 100 mg mL
streptomycin) under 5% CO 2 at 37 1C for 12 h and 24 h, the samples were washed with PBS to remove the unbound cells. The adhered cells were fixed with 2.5 wt% glutaraldehyde solution at room temperature for 2 h. Finally, the cells adhesion on the surface was dehydrated with 30, 40, 50, 60, 70, 80, 90, 100% (V/V) ethanol/water solution for 10 min of each in sequence, then dried at room temperature and sputter coated with gold for observation using SEM.
Cell proliferation evaluation
Cell proliferation behavior of the samples was evaluated by the cell counting kit-8 assay (CCK-8, Dojindo). Extraction medium was prepared using DMEM medium with the surface area/extraction medium volume ratio 1.25 cm All experiments were carried out five times.
Results and discussion
Effect of dopamine and heparin immobilization on the surface topography of iron
The AFM surface topography figures were presented in Fig. 2 and the Ra, RMS data were presented in Table 1 . Many scratches were detected on the original Fe surface (Fig. 2a) due to mechanically polishing. After modification with PDA (Fig. 2b) , a thin layer was formed on the iron substrate which made the surface full of bulges. We implied that the bulges were the self-assembling PDA particles. The scratches were still observed, because the PDA film was only about 40 nm [28] , which did not fully cover the scratches. After heparin immobilization, more tiny bulges appeared. It was obvious that the surface roughness increased with the increase of heparin concentration (Table 1) . At a high concentration of 2 g L À 1 heparin, the film showed the highest roughness (Ra¼ 18.0674.79 nm, RMS¼ 24.0076.32 nm).
Chemical composition of the modified surface
The ATR-FTIR spectra of the samples were shown in Fig. 3a . For the PDA-coated sample, the absorption at 1627 cm À 1 attributed to the overlap of C ¼ C resonance vibrations in aromatic ring was observed and peaks at 1485 cm À 1 (aliphatic C-H in-plane bending vibrations of CH 2 ), 1361 cm À 1 (C-N bending vibrations) and 1130 cm À 1 (C-O bending vibrations) implies the successful grafting of PDA on the surface. After surface heparinization, a new absorption at 1045 cm À 1 was showed up, ascribed to the stretching vibrations of highly polar SO 3 À group, suggesting that heparin was well-immobilized onto the Fe surface.
To confirm the successful surface modification, Raman analysis was also performed. The results were shown in Fig. 3(b) . The Fe/PDA composite layers showed strong broad peaks at 1350 cm À 1 , 1485 cm À 1 and 1570 cm À 1 , corresponding to the aromatic groups in PDA. It suggested that PDA was successfully coated on Fe plate. The peak intensity of PDA decreased when the Fe/PDA was covered with heparin, because heparin had no absorption in the Raman spectra. This result proved that heparin has been immobilized to the surface.
With the purpose to further affirm the aforementioned results obtained from the ATR-FTIR and Raman analysis, XPS was applied to evaluate the detail chemical bonds on the surfaces of the functionalized Fe. As shown in Fig. 4(a) , the substrate exhibited iron as the main chemical element, whereas nitrogen and carbon peaks appeared in the XPS spectra for the dopamine modified Fe samples. After immobilized heparin, the new peak of sulfur and sodium appeared. The high-resolution spectra of N1s and S3p were presented in Fig. 4(b) and (c) and evident differences were observed for the peak intensities and atomic compositions ( Table 2 ). The received Fe plate consisted of 53.98% Fe, 8.65% C and 37.37% O. For the Fe/PDA, C and N were much higher, and the Fe was reduced to 0.53%. This meant that the Fe surface was covered successfully. In addition, the analysis of the elementary constituents showed that C/N ratio of the Fe/PDA was 8.43, which was closely related to dopamine. For the heparin modified sample, the C/N ratio was as high as 24.24 and the C/S ratio of the Fe/PDA-2.0 hep was 7.25, which were matched with heparin, demonstrating successful binding of heparin.
Heparin density immobilized on iron surface
The heparin amount was calculated via the TB colorimetric method. As listed in Table 3 , with the increase of the concentration of heparin solution, the heparin amount immobilized on the surface was enhanced. When the samples were immersed in the heparin solution of 2 g L À 1 , the amount of heparin was as high as 6.32 μg cm À 2 , much higher than 4.0 μg cm À 2 that was reported in other research [5, 29] . Therefore, via mussel adhesive protein (dopamine), we can simply immobilize heparin with high density on the degradable iron surface, and it was possible to further improve the content of the heparin by increasing the layers of PDA-hep. As the antithrombogenicity was associated with the concentration of heparin, with the increase of heparin density, the APTT and PT increased [30] . We suggested that our heparin modified samples would have a good anticoagulation property.
The hydrophilic property of the heparin modified surface
Water contact angle (WCA) measurement was a regular method to characterize the surface relative hydrophilicity. Table 4 . The initial WCA of original Fe plates was as high as 65.26 7 2.121, which decreased to 56.15 7 0.741 via dopamine modification, and decreased to 51.86 7 2.451 in Fe/PDA-0.5 hep. With the increase of the concentration of heparin sodium solution, the contact angle gradually decreased to 46.81 7 1.41. This result indicated that, via heparinization, abundant hydrophilic groups such as -OH, -COOH, -NH 2 and -SO 3 À were introduced to the Fe surface, and made the Fe plates more hydrophilic.
Anti-thrombus properties
Though heparin had been immobilized to the Fe surface successfully, the anticoagulant effect of heparin still need to be proved. The blood clotting time of the samples were presented in Fig. 6 . After the PDA surface modification, the APTT and PT were reduced. In the research by Yang [5] , they found that PDA did not exhibit active anticoagulant properties, and this finding was in consistent with our results. We found that heparin-modified Fe prolonged APTT and PT significantly compared with original Fe. Besides, the APTT and PT became longer with the increase of heparin density. These results indicated that the anticoagulant activity of the heparin molecules has been retained and the anti-thrombus properties of the heparin-modified Fe sample improved significantly.
Adhesion behavior of ECV304 and VSMC cells to the heparin modified surface
The SEM morphology of ECV304 cells on Fe, Fe/PDA, Fe/PDA-0.5 hep, Fe/PDA-1.0 hep and Fe/PDA-2.0 hep after 12 h incubation in the DMEM medium were shown in Fig. 7 . Obviously, both the number of the adhesion VSMC cells and ECV304 cells increased significantly for the dopamine modified samples. The significant effect of PDA on cell adhesion has been attributed mainly to that PDA can react with serum proteins containing many amino and thiol groups, via Shiffbase or Michael addition chemistry [31] , and the adsorption/ immobilization of serum proteins on PDA layer can maintain their native structure and activity. Therefore, the serum proteins on PDA layer could be beneficial for cell-adhesion, which made PDA a versatile surface modifier for enhanced cell adhesion [32] . After heparin immobilization, the number of adherent VSMC cells and ECV304 cells decreased gradually with the increase of heparin concentration. We speculated that the decrease of cells adhesion on the surface was due to that the heparin reacted with the PDA functional group. There were few functional groups to react with the serum proteins that resulted in reduction of cells and as presented in Fig. 7 (f) and (l), the ECV304 cell spread out more and had longer pseudopod than the VSMC cells, demonstrating that heparin was much beneficial for the adhesion of ECV304. The reason for such an effect was reported that heparin could inhibit production of proteinases, which was of significance for VSMC cells matrix metabolism [33] , leading to poor VSMC cells adhesion.
Cell viability of vascular cells
Our aim of this study was to investigate the influence of samples for cell viability. The CCK-8 assay was carried out, using VSMC and ECV304 cell lines. As shown in Fig. 8 , the two cell lines were cultured with different extract mediums for 1 d, 3 d, and 5 d. After dopamine modification, the viability of the VSMC and ECV304 cells increased in all time intervals compared to the non-coated Fe. The in vitro research demonstrated that the high iron ion concentration (4 50 μg mL À 1 ) would have cytotoxicity, and the mean degradation rate of iron is about 20.4 μg/(cm 2 h) [24] . Thus, after incubating the iron for 3 d, the iron ion concentration in the DMEM was higher than 50 μg mL À 1 . It meant that the original Fe would have cytotoxicity. After PDA coated, the PDA layer worked not only as enhanced cell adhesion layer, but also as a barrier layer reducing the corrosion of iron, which would reduce the cytotoxicity of the samples according to the reports [34, 35] . For the heparin immobilized samples, with increasing heparin concentration, both the VSMC and ECV304 cells viability decreased gradually, and showed no significant time dependence. Nevertheless, the cell viability for the ECV304 cells was higher than the value for VSMC cells, especially for Fe/ PDA-2.0 hep after being cultured for 5 d, with 67.41% for ECV 304 cells and 58.68% for VSMC cells. Combining the above mentioned results, we suggested that Fe/PDA-2.0 hep samples were more suitable for biodegradable iron surface modification due to their excellent anticoagulant properties, enhanced cell adhesion behavior and proliferation for endothelial cells. Hence, we expected that by simple immersion methods, polydopamine can be formed on the surface of biodegradable iron stents, and be a secondary reaction linker to immobilize heparin with the aim to inhibit blood coagulation and intimal hyperplasia of the implanted stents. 
Conclusions
In summary, a convenient approach of surface hydrophilization and heparinization for Fe plates was developed in this work. A PDA layer was formed on Fe surface by simply immersing iron into dopamine aqueous solution. The PDA coating can facilitate the further modification, and a high dense heparin is coupled with the PDA active layer successfully. After PDA modification and heparin immobilization, the hydrophilicity of the iron surface have been remarkably improved. Heparin immobilization caused blood clotting coagulation time much longer than pure Fe sample, and hence reduced the risk of thrombosis. In addition, the loaded heparin on the Fe sample can reduce VSMC cells proliferation without seriously affecting ECV304 cells. Thus, this heparin modified Fe using PDA as the linker is a promising candidate to be used as drug-eluting stent application to improve hemocompatibility and reduce restenosis.
